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ABSTRACT

This paper develops a method for modeling terrain
surfaces for use on'R;ﬁsselcer Polytechnic Institute's un-
manned Martion roving vehicle. The modeling procedure
employ; a two-step process which. uses gradient as well as
height data in order to.improve'the accuracy of the model's
gradient. Least SQuare opproximation is used in order to
stochastically determine thé parameters which describe the
modeled surface. A complete error anclysis of the modeling
Procedure is included which determines the effect of instru-
mental measurement errors on the model's accuracy, Computer
simulotion is used ags g means of testing.fhe entire modeling
process which includes the ccquisifion,of data points, the
two~step modeling process and the error analysis. Finally,

to illustrate the precedure, o numericel example is included,

viii



PART 1

INTRODUCTION

An autonomous navigation system is necessary to
ollow the Martion rover to safely traverse the unknown
Martian surface. A forty-minute time lag in communicotion
between Eorth and Mars mokes remote control impractical,
| Cne of the tasks involved is the dévelopment of
a maethematical model to represent the_surfcce terrain in
front of the vehicle. This model is for use in the vehicle's
path selection system which will decide whethgr the terrain
is ﬁossoble or impassable. It will then choose the appro-
priote course of action.

The vehicle has o laser rangefinder whlch gives
all of the data used in modeling, In the pfoposed system,
the lagser would scan 0 specified areg in front of the veh;cle.
This area is then divided inte a number of sections and the

terrain modeled independently in each cne of those sections.



PART 2

DATA ACQUISITION

Surface information used in,modeling is obtéined by
a loser rangefinder attached to g mast extenﬁing from the
vehicle. The mast waos assumed to be 3.0 heters high. The
vehicle ond its coordinate system are shown in Figure 1. Here
the h®, o", b"-coordinate system is attached to the vehicle
with the h" oaxis along the maost ond the b" axis in the forward
direction of motion., The h,o,b-cocrdinate system is formed by
the local verticol and on axis in a plane containing the head-
ing‘cnd the local vertical. The two systems cre colincident
ot the origin, ond gre related by the pitch angle ? ond roll
angle ¢ . |

) The laser beam is ﬁrcnsmitted ot o specified elevo-

tion cngls,'ﬁ » and .azimuth angle 8 . It returns a range
value, R, of the surfaoce dota point. The vehicle also measuras
the corresponding value of © cnd_¢ .

~The specific sconning pottern used is illustraoted
iﬁ Figure 2. This shows two "W" shoped scan. rows separated

by an elevation increment, 3 Af and A8 are constont for

inc’

‘the scan. Consecutive points in each row are taken within a

millisecond of eoch other, o techﬁique referred to as rapid
scan.l With this method, the r§11 and pitch angles of the
vehicle essentially do not change for néighboking data points,
However, because of theulcrge number.  of dota points in edéh
row, the véhicle.does change 1its oﬁgﬁlar position betwéen'

corresponding points on different scan rows.

2
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/7

Figure 1

-

Figure showing the three measured
quantities8,R and 6 , the two
coordinate systems and the trans-
formction angles ¢ ong €



PART 3

MODELING PROCEDURE STEP 1

A. Formotion of planes

The.first step in the modeling procedure stochas-
tically models plunes from sets of four dato points, using a
previously developed procedure.1
The four points used for each plane ore chosen
from the same scon row such as points (1,1),{(1,2), (1,3) aond
(1,4) in Figure 2. By choosing the points in this manner and
utilizihg the raopid scan technigue, the plone-ccn be modeled
in the h",a",b"-coordinate system. This is valid since the
four neighboring pbints are taken with essenticlly the some g
and ¢ ongles. This would not be true if points were taken
from different scan rows, such as points (1,1), (2.1), (1.2),
(2,2) in Figure 2 since the points are no longer taken with
the some € and ¢ angles.
| In Figure 3, the notation for a modeled section is
introduced which will be used in the remainder of this report.
Here the superscript 'n' refers to the plone number. In the
procedure described below, four planes are modeled for each
section;‘fherefore, n=1,2,3,4, The double primed superscript *
refers fo whether the gquantity named is in the h",cf.b“—coordi—
nate system, or if it is missing, the h,a,b-coordinate system,
| If the subscript is a number, then "the quontity'
refers to a meosured data point. If the subscript is a ‘p’',
thén this guantity refers to a modéled center point which is

sdefined laoter.



Scoanning scheme used to obtain
data points '

Figﬁre 2
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The procedure is outlined below for finding the

equation of the plane 'n'. An equation of the form

” mn mn

ioonn " - (
h-:Q)('-i-b)(a + K (1)

is used tco describe the:pldne in the h".c”.b".—toordinmte:

system.
i )
where _ 7‘;Mﬂ _ ah
. . = i
i a(]
: i
wn  QYF
X, =-——=
2 o
. eb
fln . . . : :
ond :X3 is the height of the plane at a"=0, b%*=o0. Thesea

H
j(i‘s are constant parometers which must be determined,

In order to determine the parometers,first the.
. . ) L4} n n
sphericol coordinates of the docta points, Qi , ﬁii Ri are
converted into the h",a",b"-coordinates by

h

fin

Il

R |
3_RI .5““1‘3? | _ (2)

_ AN N n
a, = R; cos@; sin8; I €

cr;
=)
i

: n h . n i
' . ¢ 05 3. i (4)
i R, cosB; cos @, |
_ D 4
i=1,2,3,4
A motrix egquation is then written utilizing the
location of the four date points, and a least square estima-

tion of the parometers is formed by

Xn \AnT ”)A\ h .'(5)
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The equation of the plane is now determined.

The'center point, Pn. (Figure 3) is a p01nt on the
'modeled plane centrally located between the four dcta 901nt5'
used in determining the plaone.. Its h",a",b"-coordinates can

be found from

un _ wm an wn - amN L : |
(]P = (131 +q, + Q, +a, ) 4 (6)
fin S o Ny o o in “n f | - .-
= Y h Y=
nn o iy, 4in in
= (8 .
hp = %, ap + X, by + X3 | !

B. Iransformation of center point information

The locatlon, hezght. cross~path and in-path slopes
of the center point, Pn. have oeen found cbove for the h". b"
coordinate system. However th1s information must. be trens-
‘fﬁrmed into the h,a,b-coordincte system to be used for the

terrain model.



The height ond location can be transformed: by

h" - - Mpan )
i . fn (9)
—— : ¢
G| = C(‘P ] B(E") |°r
L7 ‘ tty
_ P L.bp d
where ‘
[ 1n . o i i
cosd -sind” o | cos®” o sing”
an sin ¢n COS‘(tJn O Bn: ®) 'S
- . oan n
i 0 | c Id _—-snnE O cosgJ

In order to find the cross—peth and in-poth slope

of the modeled plane in the unprimed system, the normol to. the

nlane, N n' is used. The equation for the plune is rewritten as:

A (10}). -

gy MW 'ﬂn i ,
O=th+x,a + X, b+ X

where X “n — __'

4

. .- ” .
If the unit vectors | ,J jk are defined as in

Ey

Figure 3, then N'" con be written2

“n no o “n kﬂ (11)

N :)(45 + )(I:i +.X2'.'

Since the normal is a vecter, the normal in the
primed system (N n). must be the same vector as the normal ‘
in the unprimed system (Nh). With the unit vectors shown in

Figure 4 the vector N is written as

n

N = N,:.i. +Ng j + Ng'k_' o (12)



Using the tfcnaformatiqn.from the primed to the
unprimed system - . : _ -
n ﬁ N :
N'= C(¢)B(e") (13)

. n
Or rewriting with 'XA% = ~|

~ n-u ~— -~

N, | -
NG| = c(p(g) x| o
NP %

Using the ncrmal N the modeled plone is written

in the h;a,b-coordinate system as

_ n ' n ' 3] '
= + + + : (15)
O=N h+N a+N b+K,
ﬁhere Kn is @ gonsfcnt.

Now- using Eqn. 15 os the modeled plane eguation in

the unprimed system, the cross-path end in-path slopes are

found ond labeled as: n
' h oh Ng
cross-path slope * = e = e m {16)
| Q Nh
n
n )
in-path slope = ')(2 = %—b- = -—-l\'bn {(17)
Np

Thereforé, the location, height, cross-poth ond
'in-path slopes are known for the center point'Pn.

Repeating this pfocess for a total of four planes
resuits in'foﬁr center points. This situction is shown in
Figure 4 where the locution.'height ond derivatives are found
ut.éoch center point. Thus, there.dre twelve known quqntities
which ore used in the terrain hodeling process'for each sectien

modeled,



modeled
surface

Figure 4 Illustrotion of a modeled surface with
the four .center points indicoted



PART 4

MODELING PRCOCEUURE STEP I1

A, Surfoce squaticn

To represent the terrain, a two-dimensional third

order polynomigl - 2

e h= Copo+ C a+ Cmb+C20 =
bl | 03 2 3 (18)
2 *Ci6 *Cu 7 b C O“+C036
was chosen where the ij 's ure unknown parameters which must
be determined in order to represent the surface,

* C”q b+Co'2

E. Coordinate shifting

Thé polynom;ol used fof the surfoce equation is
centered around the origin and it ﬁodels well near the origin
and worsens as the distance from the origin incfecses. There-
fbre. the polynomiol should be centered os close as possible to.

the section in which it is used. ' This can be accomplished

by shifting the coordinote axis. ,A new coordinate system (12 b
is formed by shifting the axis so that the point (O;z:b;.)
located at (0,0) in the Cl*, b*systern (Figure 4}. This is
accomplished by the transformation .

L]

, I
a = aa- ap {19a)

b = b- b (19)
A new set of paromefars is used to write the surface

equation + (O

h= Coo +Cnoa +Colb | 20 +C d b

;(b*) (a) (b‘ s ()P,
02 2_ 3° 6 _' b C Cl Coa 6 (-O)-

b
[\



Or this can be written in matrix notation as

h = HI\’IQ_#

(21)
. ‘ | $\2
- (bi-) ,. 3 (Ot)zb# i(bt)l (b;):{ ' (21a)
o 121-_537 ')O'T}»"é”]
T .
C [C C Conczmcmc 30; zncnmc’oa]. (210)

from Egqn., 20.

Y

oaa*'z\/C*

, . $\2 ‘
_where V::, O‘.l-‘oi_aibijo 1(0)/_21

=l

OO!OQ b O(O/z_

Since ot eoch center peint the location,

h
ah/a«:lt' and a/)b;

¢ are known,

12 eqgns,

| oh
Expressions can easily be found for /BG* and ah/abt

These are written in matrix notation as:

{22a)

{22b)

K (b)/?_

helght. -

can be written relat-

ing the known quantities *to the unknown parameters

he = HM (a6, ¢
V(e by’
(0" bp")C

eqns.

(3%
(%),

These 12 -ara written iﬁ a

equation by

(230}
(23b)

(23c)
n=!12}3:4'

single matrix



| N . | B o
‘where W.;_ [h X, le h; * 32 hs,xs ><3

—>
1

HM (ag',b;")
V (e b})
) )
i Y (anj qu}_

C. Motrix order reduction

Because of the coordinate shift, by definition the
LR . : .
a,b ~¢oordinates of center point numober one are {o0,0) . This

allows three Parameters to be written immedictely by utilizing

i t

P = Coo :

! ) :

xl C[g : (25)

C %

o}

Egqns. 23, Thus h

t
Xz

i



By utilizing the obgve values for the first three
paorameters and eliminating the first three rows of Eqn. 24,

9 new matrix equation is written as

T | '
W=TcC1  (26)
where [~ .z ! +2 $2 4 7
° hp "hP ~ap x' ~b, x|
2 ] '
7(| - XI
' |
X: - X,
3 ; t3 I I ‘
W=| NP ~he = ap X, ~ by X r26e)
X - X,
3 f
Xz - Xz
4 t4 t4
hy = hp = ag’x; ~ bi'x!
Xi=x
4 0
RN ]
Qndf_ ‘ . —l
' 1242 +2 gz 212 ni
(ap) 1y p (b’ (C’ ) ( b atz(bp (bp/ 1
z T 6 2z * % =
t211
12 t2 (G 2, 02 (bP )
b O a, b Nl O
P P | PP 2 (26b)
t2 2 (b)) 12 4 (b3}
=1 % % k0 SR ey b
: . o . tqy 2 £442
: * 4 (a ) Mo
O ap’ b 0 ——  9p bp (-f-)
b o




and

—

P 3t t 3 i ? $ T
juary : 26cC
C1 [ CZD ;CII 1C02 sCBO |C2.I lCl2 icoi ] (26c)
2 A | ~
This manipulotioen reduces W (12 x 1) to W (9 x 1), T {12 x 10)

. * ‘ $
to T {2 x 7}, and c (10 x 1) to cl (7 x 1).

D. Stochastic fitting

Both W and T .in Eqn;.26 are known quantities and @Jt
is the unknown vector‘to be determined. Since the order.of Ww
is higher than that of Qj* (9 to 7} this syétem of equations
" is overdetermined. Tﬁerefcre, clstochcstic fit must be used.
The method of least squares estimaficnrwas chosen to perform
the stochastic fit. This is accomplished by the matrix equation
' = (11" T w | (27)
Eqﬁ. 27 requires the inversion of (TTT) a7 x 7 matrix,
Once the QJ1 vector is determined, the g;_ vector
is clso.determinéd. . Thus, the surfcce peolynomicl, Eagn. 20,
can be written. This ollogs the calculation of the modeled
height, cross-path and in-path slopes for ony location (a,b).
With this information, the gradient ot location {a,b) can be
calculated by .
- 4
Gradient = -q¢5 = (aﬁ,ga)z + (ah/ab\z 2 (28}
| / | -



FPART 5

ERROR ANALYSIS

A. Covarience matrix for the data points

PBecause of 1nstrumental inaccuracies in measuring

e, ﬁ and R ,there is error inveclved in the determination of

a”, b" and h" for each measured dato point. This error coun be

expressed by an error covarionce matrix for each dota point.l
(- In™1{ "\
#n n “n
§h,
i

M, = Eq[e) ?
T |

F
T | .) - (29)
(SR} o o
=G,| o E(B O |G 423
0 o E(e)] T

where o - -
[~ sin 51 - R;‘ oS ﬁ; O
n 6 n n n n n n
= | CosSP, 5in 8 - _ ; n i
Gj sy /S Ry sinBy sng, Rf cosfy cose,
n .
coSﬁf cos e;‘ _R? 5in 15; cos 9; ‘R;COSﬂ;ns'lnefnJ

where E denotes expected value and’ SRW Sﬁ’& 8§89 ore assumed

uncorrelated. This equotion relates the stondard deviaotions

n

of h*™", o"", b"" for each dota point to the standard deviation

‘of R’£3 and @ which are known quantities. There are 16 of

these matricies.

B. Covoariance motrix of the slopes in the
primed system :

17



Becouse of inaccurccies in measuring the datao

points, the modeled plane is clso subject to inaccurocies, >

The error covaricnce matrix for the slopes can be expressed
as o function of the covariances of the four dota points

which are used in modeling the plane.l
(F" I/n-‘

5% | sxim 8% sxg) | ‘
E <8  pEF{E[s” 8*1""?]

”n ' . . (30)

_Sx_-, | J

\

where

F ( ﬂT hT

These vclues can 9051ly be evaluated and they relate
the covariance matrix of the slopes to the stondord deviation
of the<measured quantities. There are four of these mqtricie;
for each section modeled,

C. Covorlcnce matrix for the center points
1n the primed system

Using perturbation technique, the error covariance
matrix for the center points in the primed system can be evalu-
oted. Since there Are six variables of interest, the covariance
matrix for the center‘pointsl;s a 6 x 6 matrix, Because some
of the quoﬁtities in this motrix cre o function of otﬁer
quantities in the same matri;, the covariance matrix mdy best

be evoluated by partiticns, as shown in Egn. 31.

lo

-E[(K )] g ""(SA” )J+E[(SA‘_%?SM)(SAMXMﬁ F
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e

o _ "'\,. (31)
I 1 |
nn "“"“:"“"T““"*"
' f .
Mo =41 Y|
I e
I .
: VoV
\, = ! i JJ

Bleck IV can be evaluated as shown in Appendix A
and yields

T Nl e un’ A
T | Sa,' §a'" ]!
(50, ][ 50" o | |
G p _ Sa:n Ea!n‘ ‘ T
Sb”n [Sbnnj Q Eﬁ . -Z > Q ' (32)
p P ‘ 1! : ‘ '

“where

The separate terms in Block V can be evaluated as

(S X, 50"”) =

[ _E(SH‘“s ] E(Sh'"é ) )
}}[l,-xr';—x’;"]dh E(sa," sa.") + £, E (a5} 4L
n . in (33)
& (Sb §a, ) , LE(sz Saz) ) 3
and J=1,2,3

E(s%] sbp) =



) & (sh 51,
E(Sal"s57)| +f, |E (5ar Sb'"‘

E(Sb’,’”éé’,“)J E(Sb""'sb’“‘ J [ (34)

| ny #yy |
4 [}'-x' ,uxz‘] \ {

Where {;I are elements of F= (ATA)-A .
| These terms are derived in Appendix B and con be
culculated directly from Eqn. 29,

Beccu5e the covorlcnce matrix (Eqn 31) is symmetric,
Block VI js just the tronspose of Block v,

Block VII is equal to the covariance matrix found
in Eqn. 30. | | |

Block II can be expressed gs

r’_Sorfn—[fS h;rj rfs ay" 1507
e I G | =

: “n an n agh
E{ erln futend EJ éx! ‘Sx F\S 5

SX;n ‘SX;H sz
' an
X.
5?5 ] _§:(3_J ¢ :3J )
\ \,
h n ,
vhere Sn— [X#n T a;n b;n !]

This equation is derlved in Appendix C. :the that

the expected value maotrix used in Egn, 35 is ¢ subset of the
. ny

covarionce matrisx in Egn. 31. This subset (f11 )15 composed of
blocks IV, VI, v, ong vII. These blocks have been calculated
_previously; therefore, Eqn. 35 can be LGlCUlﬁted Similarly,
Block III is the transpose of Bleck 11I.

Flnclly. the last bloek of Eqn. 3} can be calculated

by the equation

2]



E {SH’;][SH;@"] .: Sn M“‘un SnT

]

(36)

where the guontities Sn ondfﬂ1ﬂhre defined in Egn. 35.

Thus, the covaricence matricies in the priméd
system can be calculated for the four center boints. This
motrix relotes the stondard deviations of the gquantities ot
the center points te the stondord deviations of R, ®, and B .

- D, Covoriance matrix of the ceater peoints
in the unprimed system

In the modeling process, the center points ware
transformed into the unprimed system before the polynomiol
parometers were evaluated. Tnerefore, the error covariance
matrix of the center points must also be trensformed into
the unprimed system. In this stoge, the error in roli and

pitch megsurement is introduced iﬁté the model.
'Thé covoriqnce_matrix of the center points in the

,anrimed system 1s defined as:

(T n] n n n n | n w
6hp ' [éh? Sap pr 6%, SXI]
‘ Sa; | | | ,
Mo=E< | Sbe | oy
§X ' (37)
§%;
- y,

Note the absence of any SX; terms. These are
not included since they ore not used in the modeling process.

Again breoking this motrix into blocks

K



B

(38)

(39)

nT,_ nt
o

r';--'r ,,1‘- R RIS -
Shy | |8hp 6ap sbi 1| shy [6x7 8%
i ag i Sa,
. n i
MP_ E{ ;ng.J —l_sb;:
5x]| [Shy a7 8bg]!Tex)][ox %
3 n
\:L,S % ] ; 8% 4
f_ : A
l
| A 1 C
MU =€ o=l >
=EYTTT
B D
. 4 =
Hlock A moy be evaiucted by using the expression
rpéh"“[sh" so7 557]
P p 90 p]
| Eﬁ Sap | =
§bp
" ) /
JeGor o 1. Ll | e ser ]
D  LID*CBE([f% |
o E(5%)] |
- § by ]



where1 Dn =

-
ifn

Ny "sind cosE - QP cos¢n - b};_.,nsxh(bnsenE"
Fi] N chn fin n Hh ” n
I'\Pn cos P cosE — ap 5~md> + .L'J_Pcos@ 5in g

O

—

i

—H:cosd) sing 4 b, c:ostb cos€"
“h?sm(f? sing + bp sind cosE"
'-h:;“ cos§"~bp sinE"

and B" and ¢ are”defined in Egn. 9.

.The derivotién_for the equation is shﬁwn in
Appendix D, Noéice that this expression is o function of the
stondard deviotion of pitch und roll and also of the covariance
matrix of the center points_iﬁ the primed system, Egn. 31.
This will be the case for all of the blocks in Eqn. 38.

For evoluating Block B, the expression

B [5"‘ S”SbP]
SX '

E

(40)

n n E 8¢ O | { O [SH‘;:‘ 60‘;“5 o \ ‘-l‘\ M
up, () THUCEES S|t ‘PhBTCT
, @ [EGSF' ' 8)("1

i




where

and

s

sindy cos & ~ x:ncos ¢~ Xy sin ¢ sin §"

O
d!

_cos¢ncosEh-* x’,’_"sm G)n + X:ncos ¢" sing"”

O

-

cos¢ sin8"” + X, coscosE"
sin sing" + X:n sin d‘)ncos E"

cosE"—x; sinE€"

| -

is found, The derivation is shown in Appendix E. Since the
covariance matrix Egn. 38 is symmetric, Block C is just.the
transpose of Block 8.

Finally, Block D is found by squoring Eaqn. E-10

and taking the expected value



§7; B |
o | : ' (41}
| | 0 7 | O \T
: AN Stp nr_n “n n_n 5¢’ nn_n R
E{UD,E[ ]+UCB 8%, UDX[ }ucasx,
Now eliminating non-correllated terms
B L RS T | R =167 e T H
E L’Xh]L ] = UL ( 2 D:TUnT
- 2 : ; O E(SE)J <
B 7 in ln-“
. n_.a.n Oﬂn [o SX' sxz.] nT_nT nl
+ UCBE{|%% B CU
| LSX;MJ - (42)

Therefore, the error covariance matricies for
the four center points in the unprimed coordinate system can

. be determined, -

Fde



E. Covariance matrix of the modeling

puraometers

The covarience matrix of the Cij

Y

parameters used

in the surfoce polynomial must be found. This 10 x 10 matrix

is_defined as

'E < 8C%|

‘\--. )

(T -+
Y

§C o

L

s

¥
o3

t ¥ § .l
(5C,, 5C, 8C, 0 8C,,

Matrix Mc_mcy be broken down into blocks ‘as

Yy

FWCI

M
Bininiuie Enbuteied I
ML 1 FIV

(Fﬂscof; [8C:° sctschlifsce] |
s Mece] sci”
M.=EX 5Co, ;_gc:u '

L I Lred

sct’ [sc;sc; SC:.E sc1' sct'

2

(43)

. (aa)



Covariance Block Mci may be easily determined as

(See Appendix F)
1 ._T ‘
MCI = R mF‘ R | (45)

where
i OO0 0O
R=|000 .0
"looo0 O |

Block M_II can be evaluated by the expression

derived in Appendix G

R o R
M= -Z<¢ | MERT

[ﬂ“ | - (46)
L A_J |

whe.r'e Z--___ (TTT)‘iTT |
and flr iS-ﬁefined by Egns. G-I6a, G-19, and G-=1ila.
! M ™ is the covariance mut;ix for the center point
found in Part II1 d.
Block MCIII is the transpose of Block MCII since
M. is o symmetric matrix,

The expression for Block III is derived in Appendix H

and is given by



M= 74| o  a,pal o |

NMQ, 0 N

44 22 44

Thus the covariance mctrix of the C., parameters

ij

caon be determined,

F. Stondard deviaotion of height

Once the covariance matrix of the parameters have
been determined; the stondard deviation of height can be
found, This volue is a function of location. From Egn. 21

. ¥ ' . .
the height of any point (a pt } can be determined., Per-

turbing Egn. 21 yields

$h = HM 59* | (a8)
‘Finding the expected value of Egn. 4B

_ . _ ] . T |
E(Eh'&") = HM b_(;;&_C_.*T (49)



L,

However, from Eqn. 43, which defines Sgt EE*T as M_
g (M YumT (50)
E(8h) = HM (M) HM

From the definition of stondard deviation,

7
o'H--{HM'(MC) HMT} :

(51)

. l _
/
where Cl""l = {E(Sh)z} 2 standard deviation of height.

G. Standard deviaotion of gradient
The \aalue_s of S(ah/aa*) and é(a%g) can be found

by perturbing Egns. 220 and 22b.

L2 [vse']

3at

(52)

ah ¥
— C

i

The covariance matrix of the slopes is defined as

e s )
.MSLOPE=E 6@%;) [5(3‘:‘:) 5(;%)]

| S(éEL) ? - (535'
L agd




By‘using Egn. 52, this becomes

7

| 3\
. - vsch [SQ_,WVT achYTJ
| Mm%q# g >
Y&C
- . ]
r‘
ol vectscTvT visct sy
- ' R (54)
- k\,s(:ta(:t V. ‘Thsgf 8§:TYT o
However, from.Eqn., 42
VMYt VMY
MSLOFE: .
' N T T {55}
Y MV YMY e

From Eqn. 28, the value for gradient, Sg' is given as

' !
h 2 | 27 fg
Gradient = SG = [(a/aa) + (6h bb) J | (s6)

Perturbing Egn. 56 ylelds

ssa= () (% () (%)



Writing in mairix notation

— |
SSGfggL

| | p
i ah_ ¥ sah_ 2| #
where 55 = [( {O)* { /Bb) }

Finding the expected value of gradient from Egn. 58

. 2 | T ! K T 1
O-SG = E{(&SG)(SSG)} = i L !:MSLO?E:I L $C
or.finolly

|
2

= L T
0-5(; T 56 L [MSLOPEJ L
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(58)

(60)

Thus, the standard deviation of any point on the

o~

modeled surface con be calculated.



PART &

NUMERICAL RESULTS

The modeling procedure explained in Parts 2-5 was
“.simulqted, using a computer program. This program simulates
the sconning process, models the polynomialrund performs the
-error onclyéis. - These results vary with every terrain con-
figurotion and sconning parameters. Therefore, only one
..detailed example will be presented here as an illustraticn of -
the developed modeling procedure.

The example terrain surface is shown in Figure S,
' Hefe the vehicle is located on level ground, trcvelin§ towards
the center of o mound locoted 23 meters oway from the front
“of the vehicle., The mound is a gcuss;an hill larger in width
than in depth, with a maximum height of twoc meters. The

equation of this hill is

2 2
h o= 2e~o,oa (b~23)°-0.05a

wheEe h,a,b refer to the inerticl coordinate system.

Enough data points were taken to allew ten poly-
nomiol sections to be modeled. Oﬁly one seétion will be
looked at in detail. The data points for ‘this section are
shown graphically in Figure 5. Shown here, also, are .the two
"W" shoped scon rows. Although there is roll and pitch of
the vehicle between each row, the points'in a row are assumed .
to be taoken so fast that the vehicle essentially does;not roll
orr pitch between data points. | | -

The actucl scan was corried out by using constant

—
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b8 .ond 48 increments. The AR angle between succéssive
points in o scan row wcs‘.63261 rod., while the B,.. angle
between corresponding points in the two scon rows was 06523
rad., The A@ Sppcing between successive points in both rows
was Q16305 raa. The actual dota for the 16 data points is
shown in Toble 1. Here the data point number refers to the
row number {firsf column) and the number of the dato point
left to right (second column). For each measured point,
the vehicle tran;mits the laser beom at a certain elevation
and ﬁzimuth angle and receives the range measurement. It
aiso measures the roll and pitch angle corresponding to thot
point.

The first step in the modeling process is to model
-plones in the vehiclé's ccordinate system from sets of four
‘doto points. Here no data point overlap was used. The

data points which were used in each plane are listed below:

Plane 1 - {lal)o (1,2), (193)| (1'4)
Plane 2 - (1,5}, (1,6), (1,7), (1,8)
Plane 3 ~ (2,1}, (2,2), (2.3}, (2,4)
'F’lone 4 = (2!5)l (2l6)l (217)1 (238)

The height, location, cross-path and in-path slepes
of the center points were found in the h”,a",b"=coordincte
system, These quontities were then transformed intc the -
h,d,b-éoordinute system.

The numerical results are shown in Table 2, where
HP is the height of the center podint, AP ond BP are the a and
b coordinataes of the center point ond XPl and XP2 are the
cross-path. and in-path slopes reépectively. R oy

The next step is forming the surface equation



yi-ra

DATA pcqu- ELEVATIGN AZINCTH RANGE ROLL = L PITCH THETGHT A R
1 G.05268 -0-0%000 22.42480 A 6.0 1.81526 =1.11517 22.36472
1. ¢ 0.C852% ~o.c:3£9 2C.69524 0.0 ;' 0.0 1.23569 —C.56473 20.51031
1r 3 B.NS0np —0.01729 22.95;7i €.0 0.0 1.53882 . =~C.28295 22.012;:0
1. & D.0£529 -0.0a1C8 27.63574 0.0 C.0 1.26222 -0.02221 26.55574
Iv 5 8.C5068 PR T TS 0.7 0.0 - 1.83923 C.%25C5 22.01176
T T 8T TThunreas 0.03152  20.66043 Q.0 8.0 1.23756 0.62978 20.6C259
1. 7 D.C52¢8 0.0%783 22.38184% 0.0 0.0 1.82155 1.068%8 22.32423
1, 2 0.0E529 0.0L612 20.57207 0-0 0.0 1.22192 1.23291 2C.75%39
2. 1 0-11791 -0.05000 19.560449 G.0 0.0 D.£©393 -~0.97296 19.44305
Z, 2 0.15A52 ~6.03:¢69 1€.22363 0.0 0.0 0.z26720C -0.56C702 1£.00620
P G.LL791 ~p.01720 17.52223 G.C 5.0 0.12220 5.33731 19.39572
2. 4 0.15052 ~0.001%8 18.20610 0.0 0.0 0.27013 —C.01553 17.5%622
7 9.117°1 0.01522 19.52027 0.C 0.¢ G.703t6 C.25516 19.39143
2y & 0.15052 0.0215%2 1R.2716E £.o 0.0 “0.zevTo C,sﬁfaz 1E.CC572
7, 7 et o.ceTer 15.59c637 T G.0 .0 0.e563E £.e205¢ 19.54125
Z. B 0-15052 05551T3 1E.2T627 ) ¢.0 0.25958 1.15804 lle.ozlsé

Table 1 Dato points used for terrain model




CENTER POINT NUMBER 1 - CENTER PCINT NUMBER 2

HP - i.53408 HP - 1.53014
AP = -0.55481 - AP - 0.84657
BR = 21,38936 . BP = 21.42360
XPl = 0.12824 XPL = -0.14778
XP2 e 0.39474 TXPZ = 0,373G62

CENTER POINT NUMBER 3 CENTER POINT NUMBER -4
HP = 0.4833G , HP - = 0.48101
AP & -0.48420 AP = 0.73792
BP = 18.71082 - BP = 18.71799
XPl = 0.02486 ' XPl = ~0.03171
XP2 = 0.30909 XP2 = 0.30584

Table 2 Center point information

coo = 1.534870
Cl0 = 0.128256
Co0l = 0.394753
C20 = 0.2129z26
Cll = 0.029409
Ch2 = -0.066491
C30 = 0.022077
‘C21 = -0.056413
Cl2 = -0.005039
Q03 =

~-0,075679

Table 3 Modeled polynomial parameters



pblynoﬁiul, Here the Cij parameters were computed using
the information at the four center points. The volues which
were founénére shown in Tcble 3.

‘§ince,the model parometers are determined, the
height and grodient for any point can Be found. In order to
find the modeled surface shape, 100 test points were token
in on area bounded by the four center points. The location
of these points is shown 1in Table 4.

The height of the modeled surface corresponding.to
the 100 test points ié shown in Table 5, Alsoc shown is the
actucl height and the error of the modeled hbight cempared to
the octual height. The maximum error for this section was
6.6 cm, Grcpﬁs of four different cross sections of the hill
are Shown in Figure 6. Here the modeled surface can be
seen to approximate the actuol surface shape very well.

Tables of the modeled gradient, uctuolrgrodient,
and gradient error nfe given in Table 6, oguip for the 100

-test points in Table 4. Figure 7 shows the gradient grophic-
.olly for four different cross sections of the hill. The
‘modeled gradient can be seen to approximqte the actual gruaient
- very well, deviating from the true gradient by only 2.4°,
which.is fairly small. However, since the maximum slope which -
the vehicle can climb is 250, the actucol surface indicates
an impassable object whi{e the modei.dndicotes it passable,
- Therefore, the maximum threshold -must be lowered to compenécte

for modeling error. ' ' .

For the error anolysis, the standard deviation for
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elevation and ozimuth ongles were set at one arc minute, while
the stondard deviotion of range was set ot 5 cm. ‘The standard

angles was
W

deviation of roll (G}a;) and pitch {GP”CH)
o .

set ot 0%, 0.25%°, 0.5°

O .
and 1.0 . The ‘covariance matricies

of the parameters, Egn. 43, are shown in Toble 7 for the

four values of D}ou and Corten . The wvalues of(thls
matrix increase with an increase in kaL and O oiten

as ekpected.
The stdndcrd deviation of height (tTH) can now
be- found for the 100 test points in Table 4 for the four

different values of @ (here -

R a = O

Row f

PITCH )'

These values are shown in Table 8., These values cre also

plottéd for'four‘differenf-crosé éections of the hill,

(Figure 8). In order to keep U, below o volue such os 20 cm
would require g -Uk 'of-D;Sq or ‘less.
The standard deviation of Qrodient, G}G , 1is

likewise calculoted for the 100 test points and for the four

These ore shown in Table 9. Figure ¢ shows

valueslof Uh .

‘plots of modeled GEG and actual o;G vs. distance for four
different hill cross secticens. For 0}6 to be below a value
such as 6° would require a Oh- of 0.5° or less.: For 036-

to be below 3° requires Ok to be 0.25° or léss.
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CIVARTFMTE MATRIX I'F THE PRRAMETCRS

CG.GCDTY

~C.aT0eed
~C.NI091Y

TeBTOIY
-~ @TTCY
LIS Tol o B
~(a000C0
G300

~=C.QN002

OPVERTERCE MITRIX 1 F THWE PARLmITERE FCR SICMA ROLLE 02090 [IG

CAVARTENIE MATRIX NF THE PARAMETIRS Frp SIGYA PALL= O.5G0 DEG

LL.O%0%% E.0nCld
0.0°031 . G.D0136
G.0nae  CLOL0L0
IS LI i L o R T
w0004 6,070132
A YA C.Gins]
©Q.0rlce CLDNSAD
~0L0NDIS =L G042
C.Ch076 =U.0LOTR
_~=0.00235 _ 0.00020
Q.02G5F c,0G0N4
00006 G.L0147
G.00117  0L.00N40

~NLOTO0T

=L GGGN0
C.0M134
0.0°G3y
-0,00h249
G0N
0.0670¢2
[ NCES
R QAT e A ]
—G.oaolie
000021

=~0.0RERA_ -0, 00278

TSI
—-G.0) R4k
c.10za85
~0.37154
(SR Ay Saic

~C.n132¢

COYLRTIENCE MATRIY CF THE PAPAMETEQS FAO

0.1 uLT
L0000l s
n.0"152
~0.2%Em)
-0.00T25
~J. 07374
0.4%5" 1
~-CG.07el?
0.00431
~C.2523%

C.00014
0,.0O02ED
Q,C{Z85
~0. 00042
-0.0o001°

L 0,CLOS

T.0001L

Q.16

0.00045

0.C0017
C.o0as
0.OMaBA
-3,000eg
-N.00020

—l. CTOC]
e LGRS
N.o0Tx3
~Monnlng
=0.£3008
BLONTE2
N.NC106
=5, 0012
—-2.0C0014

~0.,0nN107
-0.00249
-0.00106
C.017e3
~L.00020
-0 142
—0.01527
D.COGE0
G.0C0073

FOR SIGHA

2. O0GOND
n,00oL2
~0.0nCA0F

=000

n.cCOzZo
-0.00008

C.GU0LA
~0.0001Y

C.olund

SIGMA PITCH= 0.0

RCLL=E 0.0 . CEG - DEG -
-0.00017  0.CC010 -0.00CO0 0.0GDO0  —G.00G02
6.00052. . 0.00351 . =C.0004L . -G.00CE8 .. ©.00021.
0.0C042  0.CLIC6 —-0.0CC12 ~-0.0C0l4  0.0C01B
~0 L0k __-0,01527. . 0.QC0CF0__ (¢.00033__~0,00Cc6.
=G GCIGE  G.06C10  —0.00019  0.C0006 =0.00004°
0.0CDT6  0L00153  —0.0C012 ~U-09014  G.GOCAS
G.0C152  €.52032 =-0.0C050 —0.000Z4 0.00078
~C.AO00L2  =0,06050 | 0.000&2 0.CO009  —0.0GL02
“C. 00016 =0.03024  0.C00G5  $.05012 =0.02003

_,_0.0ﬁ018ﬁ_70.0006ﬁ”_70.0000#.__0.00945HH_O.OGO?B;,:D.UCQQZH_"OLOQOOB__WDEOCOBZ_

=0.NTLe2

a.0M01&

O celo ¥y
. OGL0
.03
ALY
Al R e h S |
CLOCCLY
C.OUlT74
-C.(rels
A

.
-0

=C.CZ2218
=DL.UC3%¢
-0 CLZ2s

0.12457_

n.00270
C.00721
~0.12771
C.uNZoa6
~5. 00085

_ 0.CG0E20

Bt G VI
napegl >
~.00011

C.Conol

0 (0222

—0.00018

0.0T004

SIGHA PITCH= C.250 GEG

£.00000 __ D.002u3 _~C.00000__ 0,00463__~G.C0O2B)1__0Q.000C8__=0.00013

L.COLrT
fL.AD040
fL00043

—n.nnefL

= .UC0LS
-t TR

(:.LOTT76
—CLaeGel
=-{- . CO008

0.CH103

-0.0C904

=N.GLo04

—-0.BL0T3

0.00%]A
g.CeCCl

~0.00235

I AP (L.el06 =0.0C0H29 C.00020
0.CCrst C.OOTLD _ =D.000E2 . ~0.COCLE, . 0.0CE20 .
0.CNo1Y 0.0C774 ~0Q.0CC14& =(.00012 0.00000
L 0.0Nm2L L -G P T §.00246_ (. 000ES__ 0.C02C3 L
A.oTe0l ~C.00323  =C.00G15 0.CL004  —0.00000
0.000F9  =0,004b8 Co000M3  -0.C0029 0.004E3
-0 GONES L.2badB  ~0.CC276 0.CCl12 ~0locZe]
C.00003  -D.00278 . 0.0G046 0.06007 . 0C0e08 |
~g.0nnp0 C.C0I12 p.core? 0.00012 =0.00013

- 000262
P

SICve PITCH= 0.500 DEG .

~0.01335
0:0CCLY _
~0.000854

0.00012

Q.CL796 .

~0.012587
. 0.CLGAT L

~C.O0PESO ~Q.O0GIER ~0.(G1Fih D.122658 =0.00154
~{.0nz7e Q00014 0.0C0S0 . 0.00295 . =Q.00C63 _~CL0CC1T .
=L .00 F s ~2,000168 ~0.0005R F.00L776 —0.00021

fuEnnag o N.0nse] _ Q.0I710__—0.70504 __ 0.00T44 . 0. 00258 - 0.01011_
G.oa ) 0.NLCHT g.20028 ~A,.01320 G.Cooco

o.G1710 6.N0032¢% C. 2807 ~0.020722 C.CCC4®

~(.,70"04 =0.01220 ~0.07232 G,abp9s =0.L50%63

T.0974 6 CLonneo 0.000e8® -0, 00983 0 C.0C059

=C.LJ2RE ~0.00004 ~C.0IPT3 C.G0E1h 0.00001

¢.QoC017

~0.00083

=CL.O0056  _0.2101) __0.00C12 __ 0.C1¥9%6 ___—=0.01257__ 0.03037 _~0.C00043_ _ 0.01282

C.DC7L?
. 00083
D,0CCTL

_h_oppgg_“

=, 00T
—. (0286
r.C:7E5
fr.CGﬁﬂﬁ
L. 00008

1. 00270

~N, 25281

=0.004L82

~0.GeT2T
1.95254
0.08320%5
G.CT287
¢ T7473
0.O02743
~0.G1532

D.0G242 _ ANCH6D0D

SIGMa RMLL= Y000 DEIG CIGYA PITCOH=
=0.00735 =0.07578 C.49551 =~0.00&17
0,000l C.ninasy C.CULFE =0.00049
-0 .A006T7 =-0.002%& C.027ES  —0D.0C04s
_0.N3R25  DL0T26T __—2.7TA%3___0.02742
0.rn1s? D.CC12E -—-0,N5208 0-000LQ
0.C018 0,001 -0,05785 D.0G223
=0.CR3C8  ~N.0%73% TLS2€R0 -C.0%T704
G.000L0 6.002313 =0.02704 . Q.COI12.
~0L.JA037  =0.00748 0.07143  —D.UGD24

1.000 D
0.00411
~-0.00020
0.C00CE
-0.0152

-0.CD0327

-0.00248 |

0.00143
=0.00C24
0.00021

EG .
~C.057135%
C.0001%
~0.C0270
QL4282
D.00CLD
C.07051
~0.0%¢63
. 0.00153
~0.00164

DLOTNEL _=0405662___0.00153__-0.001c4 __. . 0.05314.
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CT200ARD DEVIATION NF KEIGHT FGP SIGMA ROLL= 0.0 - NeG SIGMA PIT(H= 0.0 DfG
o.ooLes 0.GL25%% “SL.O2¢26 0 Q0.00857 0.01090 0.GY1P1 | 0.01767 . 0,01337.. 0.01273 . 0.01292
‘O.0NRAE 0.20511 N.CCeSY 0.CCc790 D.00924 N.010AT G.01210 0.0132s 0.013%1 0.01412 !
D.07FKQ3 - G.0hL2C- | fLCCosL c.O00752 G.GORED . 0. 01048 0.01 b 0.C13257 B.0Yeag 0.01a%4
N.0neLy TLOUTTH L.t npLoorny N naty [l el 0 0.5V 0R3 Q.01402 O.01400 0.GloeT
.01rss C.L o9 [P AT ¢ L.0el10 0.05908 0.CM)R5 DL 0.01wrg 0.01570 0.01521
O.0Y12e A GITIT 6.0 0.01C48 _ D.TI2S | 0.C100E_ Cl.Clalb C.0lh52 . 0.01a%0 _ 0.01722_
C.OVIED 0.G1T1s TeClIZ3 7 0.011P4 0.017a6% 0.013F 0 C.0D1513 D.01&634 0.01726 0.01F04
C.uIPas 0.2i700 2.01720  0.017r3 C.01259% 0 O.0Yaly cL.01n7e C.ClEPL . 0.0LT7LY 0.01E650
C.0i3az 0.0L072 d.01203 0.0r1202 0.C13reR 0.014R0 G.O15R% 0.016k] 0.01757 0.01pRrax4
C.o1457 9.0137% TLN1200 0.01316 0.712%4  0.01%3¢ G.C1%32 |, 0.01623_. 0.0Le99 0.01797

S STIMUARD DRVIATIOU F BCISHY LR SIGMR RCULE___ D.FTDN00_LFG S1GMA PITCH=_ n.250000 DEG
DOCZIT D.CCLCT  AL0TATS DLQTTIE CL0TIL2 0.0&950 C.0TIT3 0.01872 0.0E421  0.08s75
0.C7076  O.CHELL ALCTIPR G.U7425  Q.0AA2A | 0.0L&63 _ (0.06SR1 __ 0.07563 _ 0.08092 . 0.002°95
0.0F-8  0.0/207  U.CTSELl Q.GUEGB  0.C0205  0.06055  0.0e403  0.07009 0.07538  0.07714
Q.07e77  DLCT46S A4.D0FAL QL0058 . 0.05453 . 0.0533S _ 0.0S744 _ D.D63%E _ 0.Ce929 . 0.07C95.
0.Geir T C.CekCS  G.OL20L 0.0R422  0.04£50 0.047r8  0.05264  0.05054 D.06504 0.06e38
SO0 AT AN T SLANETE CL0RLTL L DLrhARe De0LETO __CalU1T9 | 0405L6T __ 0406265 _ 0.064E3_
HoGRFA2 LLCLA0T  Lon¥gng C.082362  0.C4945 0.09005  9,0%492 0.UL122  D.08578  0.06437
C.luénse Eutab21 Pellrea  G.0NTI@ 0.0I459 BLDLI4S OL0I983  0.G65972 0.05015 | (.0593%
0.CLO20  0.LeFeE (L0529 GLOEIT] D.0YESO O.0SSE3 0.0m571  D0.COR4LE  0.071ck 0.07151
Gofir©85 0.ALPYD 9.04593  9.06210  0.05992 . 0.04077  D.0L427 £.0uB50.. [0.07121. 0.07090

STANDEED TENTATILY OF PEIGHT FNR SIGMA FOLL=..  0.%0000A CEG CIGMA PITCH=____-0.500000 BEGC ...
0.1+ G.171FY TL1LANG 0,172 n.laney 0.1274yp D.14%E0 0.15573 0.16693 G.171¢t2
CLIF0F G C.17605 C.lap C.laT2e o, 1284} 0.1%108 0.132P03 0.14950 C.16004 _ 0.14408
0.1i%1A 0.1:477 CLLNIN0 0 CLYERBE 0D.132314 0.115732 C.l76132 0.12p70 0.14E67 0.15215%
G158 % 0.13R¢E fig} =21 C.1702T  D.ID7FY | 0.10776  G.11201 C.12962. 0.12¢34 _ 0.12¢34
0.13757 n.izn2n G.1731C C.10748 N.C05467 0.00%¢ s T ol I'N C.11642 0.12721 ColZusT
Golcoarr 010734 BU13673 0 CLICIPZ | 0.09119__ 0,05079 F-10063_ 0.11423 . 0.12466__ 012619,
f.1264: LL.12607 D.11712 0.10arT D004 4 0.00720 0LI00HT 0.11911 0-12012 W 12900
0.1°714 0,1087 N1 0L11302 0 8.10480 G.1r70R ~L11A50 6.12722 . D.13487 C.13464
DLyTes (G.17557 {12507 C.12008 C.11%30 C.114FR C.174472 0.1337¢% 0.1500G1 C.l3%42
C.1%A73 0.17596  "n.17<ns (.1270k 0.11752 0.112418 0,178 G.13408 0.13534 C.l2E34
_ STLNDACD DEVIATION 2F YEIGHT Fnr <iowvs POLL=__ 1.000C00. DEG SICMA PITCH=__ 1.000000 DG _
0.74nz 0.2303%4 L33 7eT 0.2C594 N.P0PL121 - 0.27419 C.zre7s 0.310¢60 0.13302 0.724278
C.2F15% N2 190 DLEIEST 0.729%4) 0.v7075 026331 D.27%20 . 0.29¢12 D.31917T .. 0.,322725
ST T: 0.3°715 N.30218 O.2FATB  D_.DPLkFL O.135YR N.2517Y G.27539 Q.20679 0.30323
O.3n400 0.2°7Ce 27210 026023 . G.215200  0.2002R . Q.274%7 0.25008 - 0.27145 .. 0.27740.
GoDTEl4 G.2058%5 L PN 0.21428 0.15002 n.ife2y C.20024 0.23144 0.2:297 0.25779
C.20004 | C.2Rh407 __ N 751FL . L2083 0.1917) ___B.1r025_ 0.1%%T6___ 0.226P8__ 0.24727___ 0. 25040,
0.25chis 0.7<2c1 D.P2244 n.r0e72 0.191¢ 2 g.1779? ©.?1173 C.2%654 C.2%449 0.25610¢
¢.zL330 0.70112 0.24%20 0.27:95 0.21190 0.21ete . 0.73139_. 0.25298 . 0.26000 0.26797 .
N.2717 & 0.21024 H.2%¢78 D.2AGF2 N.7225840 C.27724 CL24733 0.26L96 . 0.27(35 0.27L5%
C.0717Ts C.27034  DLZSRAY (. D,24210 . 0.233B8 .. 0.23006 Q25016 ___ 0.26669__ 0.27712 __ 0.27491.
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— STARNDARD Do VIATION OF GRADIENTY FOF SICMA ROLLE — DG .._SICMA PITCH=. DEGC
1.%1400 1.p e 1 CTLlS GaihalT Cosv4a36T 0.C73ELAR G.54150 0.53372 0.91%11 0.95217
1.14%77 g.v1170 LTTrOY 0.70L02 0.ET6TC. . . 0ot TTOT .. Cut+i51 .. C.LS418 G.T7C29 D.TLCOR
0.i7074 A [TREILT DoR6652 QL5894 DL.HLPES L.SEL4T DL OINT . D.L2:43 0.74£20
I DY SRR Y 652723 0.52041  0.54307 GeSSORE . O.5TLSE . 0.5%4%2 0.5632579 0.7549%
C.570m8 f,.L90% n,onaey G.57506  (.545% C.5KZ2 Q.33 0.59591 G.63F26 0.7%087

0.5 0tn O, 4FL23 . DL EEGT | CL56078 . G.51761 o Gah2026 _ G.56533 ___ 0.5¢316_ . 0.60827___ 0.72¢05.
Coti®r? 0.50TLY D458 G.4L20% . GLLSPRE O.LiGh] 41253 0.45429 G.54T13 C.L7C00
C.7175% D.=0346% PLGLNT DLLTOLT  CLAGORT  GLROL12 L 0.405T2 0.44206 0.5Cl26. O©.63710
C.o3Y19  G.TTNCT . a7ug 5.541¢01 D.4FEIE  DL&aT395%  N,uuT01 0.531C D.e0213 0.720125%
1.27-77 1.0720% o eaznz 0.£2349 | (.7705° . D.757F2 C.T7569_. C.P1764 . G.30336 . 0.980323
L ETANDARD DEVIATION CF GRADIENT FUP S1%nA ERLL=_... C.Z500L0 DEG .. S5IGMA PITCH= __ 0.25CC0C DEG
1.5%270 1.267158 1.%1342 1.14053 g.upTan 1.0306% 1.70559 1.23432 1.04£78 1.11718
1.677u6 1.5046% 1.47952 1.41225 1.27274 1.4222 1.52636 . 1.%54815_ 1.53141 . 1.49%555 .
2.2:221 2.1%7114 ..1~aq5 7.13213 2013270 2.17144 2.21746 C2.20787  2.12%04 2.1&7&7
2.02392 PR | et FR4aln Z.6F339 2l TREA Z.71149r0 Z.TI092 2.70707 2.§4398 Z.tTF 08 -
3.13471 PP-T AT B ML 2 Z.S4500 2.96623 2.07474 2.97810 2.94447 2.191&5 2.92537
i PRI 2.0he14 2.7 Tihy PLORSEL  Z.04LTD 7.0w740 2.0709e2 7.694673 2.8L208 2.5C175 "
.6r0468 270069 DLERENE 7.6%1%4 Z.hZRO] 2.61108 2.53631 2.552F8 2.42¢5R 2.40022
2,403 2.723301 r.12016 7.06271 2.00207 lovs149 1.4¢17% 1.93104 1.92221 2.0HEES
1.6527%7 1.558L3 1.37294 1.2¢127  1.1F707 1.14113 1.11480  1.11877 _ 1.21%%7 1.52225
1.63069 1.27CCe l.o3vre  Gg.eeill 0.E1299 D,79776  0.R406E 0.957¢3 1.18941 1.56040

CTANLARD GPVIATION CF GRADICHT FOR $I7Wa ROLL= £.500000 DTG SIGME PITCH= 0.500000 DEG
1.n=40' 1.60220  1,R6040 1.51585  1.10062  1.2670% _ 1.74228 _ 1.ETCL3__ 1.37363 _ 1.507:8

T'oib Toz.oflne2 03324 2.5LS16 ZLALTT2Z 2.BlALD 2.0R2¢0) 2.°5179 2.E8010 2.86014
4.2 EsT 4.12077 L1408 Lo142060 &,1LR42 4,227TR 4.21124 4 .2B5G9 4,106575 4.13321
€L.4L7C7¢ 5,25a9( SL.ITaR2 5.27¢50 s 0ES5al s-:nsae £_7EL0T L0622 S.146223 J17¢54
(.17 a7z 559744 5,r5078 SL.PLLNE  §,.841TT  S.PS393 €.R5D30 5.7£33% S 467LT 5.48053
G162 S.Caldlta L.l Ll 95 L.C371a E.%1CQe S.74752 S.766P3 S.692F9 S.5G706 R.&5220
g Thach QIPEE  T.3C02T _ S.274L19 ELISESN E,16200 L IN?EL __ B.GP3S5__ 4.95264 __ 5.07610
LaTIOTO e al0F H.160T74 4 ORLEG 2,07005 2.2}1c02 2A.05559 3.7F11% I.TEEDSG b D70045
3.30TEA 2.FnNTE 7, 01814 T.ranes 2 .31748 2.172°74 .,uxoz 2.079G03 2.19%2E 2.7TSEQ
2.41973 1.72127 1.37302  1.0LR0A DLGFTRD 0.5 06T 0Ge73 1.288:50 1.82CES 2.68378

CTAMDADD PYWIATICH €F GRanItnT FOP 1674 kOLL= 1.000006 DG SIGMA PITCH= 1.0C0CC0 D65
1.77730  2?2.61014 I.19490 Z.a0erd T.50220  2.00%69 _ 310268 3,37003 _ 2.74306 _ Z.52085
5L,N11TG 4oteTR9 ELrEle) £.93243  &.114L9 S, 0FSED £1237 E. 58284 5.00323 S13177
£.21F75 | E.1Za23 P. 1571 P.IRGIG 8 1PHE? RL34544 c.s1teT R LAeRTT £.1C185 E.1433
DLT 120 10.278p6  IN.A2TTI 1042645 10.24197  10.T1744 10.5755% 10.47CTQ 10.18%21  10.12779

12.02437  11_4a193 1.iep23 T.53064 1192789 11,9401 11.%259¢4 11.6G695 11.164R8 11.16428

12.2:2%6  I1.T2271 0 11.%FE51 0 I1.61502  11.60991  11.44353 1D 2E9F9  11.22538 11.C3250 11.12¢2%

1i.29070  IO.TLFIZ 1N, 2FlL4 10.35413  10.7¢461 __10.197272_ 10.0%572___ 9.93639__9.787%0__10.0C92]
Q.IT630 Fe5T132 " 1272529 £.03525 T.uS077 7.77203 T.aLZ6H T.49106  T,44709 T7.92713
b 57104 S.4A0EZ 2. ONHGE 4. 5T97E  &4,34740 &,17227 0 L.02903  3.56B4Al 24932 | 5.39004
4,35071 2.92105 2.10883 1.56114 1.2%140 - 1.24715 1.50689 2.15293 5.05288
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PART 7

CONCLUSION

This report has developed in detail o two-step
terrain modeling procedure, using grodient and heighf
information obtoined via a laser rangefinder. The formulated
terrain model is composed of third order polynom;uls whlch
qpproxlmate the crtuol terrqln surfoce Two steps are used
lnstecd of one so that the §eve;oped models are less sensi-
tive to instrumentol error. The-use of grudient informatiaon
in fhe modeling process results in a model that follows the
actual gradient closer than one using height data cnly.

This is 1mporton; since tha grad:ent is an importaont factor
‘1n determ‘n1ng whether the terroln is’ posscble or 1mpcssable
by the vehicle. Also. th1s method uses few dato p01nts,
thus scving time in the scanning process. " This could allow
the vehicle to save Energy as well as increose its rate of
forward :rcvei.

From the simulation results, this méthbd of terrain
.mode;ing seéms to nave the potential for usefully portraying
the actucl terroin contour and gfodient, ulfhough much work
iS still needed to refine the modeling method,

.The.use of two scon rews for the terrain model mug
not prove proctical unless the stondard deviation of the rolr
_ond pitch measurement is reduced to obout 0.25°%. If this is
not feosible, this modeling method moy still be used #f thé

sconning scheme can be changed so that encugh points can be

62



fouﬁd rapid from one row of scan instead of the present
two rows of scan,
This scheme could also be used in comjunction
with an edge detection scheme. The plon here is for the
edge detection scheme to locate the bounddry of an obstacle,
Once'the‘bounddry ho; beery located, the terrbip modeling
procedure-would be used to determine the frontal shqpé of the
obstacle. By examining the terrain model, a decision cou1d 
be made as to whether or not the‘obstucle was pqsscble.
Another plon would be a data point sﬁving techrnique,
where the surfoce is scanned, using few data points. The
terrc}n modeling procedure would then be used to determine
a rough picture of the terrain., If any questionoble oreos
were pfesent, more dota points could be taken of these areas

to obtoin a deteoiled model, or the areaq cveided completely. .

I
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APPENDIX A
- DERIVATION OF COVARIANCE BLOCK 1V

n ond bp n are related to the

The quantities Gp

measured quantities of the four - -data points used to determine -

the plaone by
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' | | |
mn LU TR /f o "ey nhn —
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QP. ('a' Oz + 03 4-04 ) 4

nn IJA wn m.r. "n __|__
bP "(bl +b,1 +b, + b, )4 (a-2)

Perturbing (A-1) and (A-2) yields

m " i nA . MM 4 (a-3)
bap = (Sa, +8a, +8a;, +8a, )z (A-3

un - _ nn nn fin tny i__ ) (A'_q)
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Rewriting this in matrix form
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Then multiplying (A-5) by its transpose ylelds
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wn #n
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" The expected value of (A-6) can now be taken. '

Since all of the data points are measured independently, oll

of the terms on the right of Egn. (A-6) with non-matching

" subscripts ore non-correlated. Therefore, their expected

value is zero.

Finclly. this yields
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The expected value quontities in (A-7) are
calculated in Egn. 29. Therefore, Egn. (A-7) can be evdlu~

ated directly.



APPENDIX B

DERIVATION OF EQUATIONS 33 AND 34

The perturbed values of the slopes cqn-be

written osl

where

i

expressly by
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Then the vector ( Shﬂn—-SA”z(_"h ) con be written
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or in motrix form as

r' I /i
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CIf Pﬁ is an element of Fﬂthen the j'hrow of
Eqn.(B-l)is | |
"N n n n n n
.= noun
SxJ - [EI ﬂz Ga ’S‘J (6b oA X ) (B-4)
or.
. /n n mn wol[e 1 #n] n ‘" ey | R
Sx.i = ﬂi I:I X “X;] 6h' +7Ciz [I "X:'n _Xz] 8h’-'
galﬂﬂ | SQ:n
SSb‘n_ JSb:tJ
-Fn_‘ o . —6 hm‘- n , an “n r-Shq'n"
~+ 13 | =X, =X, 3 +~64| X, X 4
: nn an
6 a; 094 | (g-s)
fin 141
@g_ §md
The terms in Block V con be written out as
- . 3 [~ "n Hn nn ony]
S X:m [60:" Sb:n] E (6)(' 6OP ) E_((SX,‘ pr)
el = |e(o sa?) e ss)
Hn wn oy #n tny | T
6% | E(8%3"80p")  E(6X] 5by)



For the first column the terms ore now expressed

using Eagn. (B-4) and Egn. {A-~1)

£ (87507 =

E [1( £ e {n] [ébﬂn- SA”)_(_”"HS a, §a;" &a;" 60@, b

JbJ2 93 4 1'>

1
1|4
1J .(B'?)
. \ -~ g
ond rewriting this using Eqn. (B-5) ﬁ:f
Iln nn -
E(5%"sap) =
L n ey nn 3 H'I'\-1 . , n P a F -1
E< T, [l -X, —xz] Sh, [50,"”5(;2” sa;" 5%1 )
4 Saﬂn - { ..4'_.'. +
! i |4
"n .
Sb) 1)
o r m un -3}1”““ N i s na' qu
{il [l X, -xz] 2 | 6a  §a, §a, Saq] .y
o 6a, Zi"!'
!
Hn {e-8)
b, i M

Becouse terms in the right-hand side of Egn. (B-8)
are uncorrelaoted if their subscripts do not match, the expected
value of these terms is zero, Combining terms and simplify-:

ing Eqn. (B-8) results in



E (6% s0;") =

nn fn
il

E(ﬂ{"gaﬁj
E(sa."801")

E(8by 60)7)

jz

E(sh"5a ﬂ
(8036 )
|E(sb; 8a )

A similar cnoly51s can be done for the

E(st 6b ) terms yielding

E(8%"s by ) =

4@’*

|
ﬂn] <{31

%

E(sh"sb")

_E@&“s&jj

E{sasb")|

E (shy sb7)]

‘Eﬁ&%@j

E (.8 a;" S-bfz'")

J:I“Z'

J=1,2,3

(B-9)

3

(B-10)



- APPENDIX C

' DERIVATION OF BLOCK 11

Egn. 8,

which yields

the height of hp

~ This con be rewritten ¢s a matrix equation

#n _ n
bhp = S

where

| s ap|[s h;”f
§bp

LE ] n
X,

S”=[XT

Therefore, Eqn. 35 can be written directly by

F‘S al;!n"
Sbp
5%, "

;

E 4

H

Qp

W
Saﬂ
Lis
6 b,
67<."'f

n
§x.

H

72

_6)(3 |

o bp ?]

I
San "

&bp"
Sxim'

fiin
5%

"nn

in

nn . nn “n un o, iin
Shp = " 8ap + §X ap + X, Sbp + 6%,

§X4

M ST

n' can be perturbed

> G

b;n'*‘ SX? {c-1)

(C-2)

(C-3)



APPENDIX D

DERIVATION OF COVARIANCE BLOCK A i 'puﬁ
' T i)

‘The transformation of the center point in the

N . .
primed system to the unprimed system

[ n.-‘. o ”n-
. he | | he
n n_.n C N
n un | (D-1}
_ L. P o Lljp J |
‘can be perturbed
- n " MR [~ #n] = Y
Sh? 'hP hP . ghP
4 n n_.n "
Sap |= §CB"| ap"| +C 6B " ap |+ C B"[8ap|
‘ h ' "N "n "n (D—E)
LSbP N . bP J L bP J _SbP J
This equation can be reduced to yield
T un|
Sh | | 5k
n — n 6¢) n_nj an
fap 1 = D sE + C B |89,
55; - | Sb;n (D-3)

where D" is written in Eqn. 39,
Multiplying Egn. (D-3) by its transpose and

taking the expected value

f, - D

She 1[sh™ san sb7]| a
[ 5 ) o
{]ser | | ~

-
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8%

n

+ C

Bn

m

§ ap

nn

™ 6 h‘;nﬂ

5 by

[éh

s -

Sh}',

Dn §¢ [Bh;n 60? .Sb:n‘] BhTCnT+ Cr?Bn éa;n [3¢ SE] Dnr

5oy

wad

"n

"n #n] Pt Rl : :
p 80 pr] BCT ) (o)

Since §¢ and $% are not correlated with them-

selves or Shp ;6

. n

%p

,35:,n then Egn. (D-4) reduces to Egn. 39.



APPENDIX E

DERIVATION OF COVARIANCE BLOCK B

From €qns. 16 and 17, the expressions for X.

r . 1
ond X2 . are written ' '
n_ Na
W | (E~1)
NS |
Nh (E~-2)

Perturbing Eqns. {E-1) and (E-2)

'STKT‘::-— & PJ; hJ: f Pd;; Spq;:
| (ND ) |

Do TN e
n_ SNpNp — NpsNyp
0%, = - —
(NF)
PJE n i n
— SN, - - SIN
(th)z h h b {(E~4)

Rewriting Eqns. (E-3) and (E-4) as a single

motrix eguotion

75



where

1

Now from Eqn. 14

Perturbing Egn.

S
END
§Np

Nen
=§6C B Xy
o
L2

(E-6)

5 NP

__?:1 - —
N NG
n
b _
O
. (fﬁa)z :
[ ]
::(j\E§1 )(fn
) -)(:r:
~ ) 1
+ C’nSBn X:‘rn

+ C Bn

’ ‘ flny
-Lsxzd

e

Sx:"

(E-5)

(E-6)

(E-7)

The first two right-hond terms con be written os’

¥
Ll X"

2

nn

( 1

- -
-1
n_n i
c Bl X" ?
X5
- Y,

5
5 €

(E-8)



where

B =
-sin®” -cos¢” o

C. =|cos ¢ -sind” o

o (@] 0

Substituting the values for the quantities

Ba

-
~sin§" o
=1 ,O O
—cosEh O

cosg

O

-sing"

d

indi-

cated in Egn. (E-8) and performing the operations reduces

the first two terms in Ean. (E-7) to

5o
[)x E;E

where D: is defined in Egn. 40,

(g9

Substituting E£qns. (E~9) ond (E~7) into Eqn.

(E-5) yields the expression

§X,

Multiplying Egn. (E~-10) by the transpose of

hl"\&(b n-N—~n
= U D +UCB
*18%€

A

O
6%

nn '

| hhy
5%,
b aad

(E-10)

Eqn. (D-3) and toking the expected value, one obtains. the

expression for Block B.

x| [shy a7 867
§Xy



UnD: i(é l:ahp 5(];” Sb';ﬂ:]BnEnT +UnCan .Szﬂn [Sq) SE]DnT'

5,

’ n O . nn m 734 . nft _nT
+ UnCnB SXm [6 hp SOPn & bp ji B TC T
)

6%z (e-11)
The two middle terms are eliminated since they
are not correlated. Finally, Eqn. {E-11) reduces to Egn. 40

in the text.



APPENDIX F

DERIVATION OF COVARIANCE BLOCK MCI

From Eqn. 25

[~ " - =3
Coh he
CWL = X: . - |
- (F-1)
1c ’ t
L o1 | I XZJ :

Perturbing Ean. (F-1) results in

[~ 1] e+ ]
sCt 1 [sh
| _ i
§Cpol= 108X,
$ 1 (F-2)
ha-cf-’u hSXZd |
or in ancther fdrm
‘l *-
8Coo
schl=R O
3 - (F-3)
LS(:NJ o h
where
| 0 00O
_F{.:: OO0 o | O
0000 |
and

~

' -~ T
B = [shp sop gby %) oxi|

Multiplying Egn. (F-3) by its transpose and

taking the expected value results in

79



— o . ™
( sCH [SC:O sC,. scm] o

| . | ot
CE415C, »=MJ=Rd PR
| $C,. (F-4)
- h y, ,

T . . . . ‘
However, @I @) 1s just the covarionce maotrix of

the center point number 1. Therefore,

-MCI =R M;, RY (F-5)



APPENDIX G

DERIVATION OF COVARIANCE BLOCK MCII

The system equation is given as Egn. 26 for the

gl' parameters. Perturbing this eguation yields
Li 3
v SW=T§C1 + 6Tl C (e-1)

Rearranging terms in Egn. (G-1)
Py ¥ |
(sw~8TCt') =T 8C! (6-2)
Taoking the least square estimote_of the per- -
turbéd parameters yields
—I -
t T T $
$CH .—:(T T) T <5W-—5Tg ) (G-3)
or .
‘ ¥ L]
sCl'= Z (8w—sTCl')
where g
T\l T
z=(T'T)'T
The next step is to find an expression for the
right-hond side of Eqn. (G~4). The first step in this
_process is to perturb the equation for W, Ean. 260b.
rThis yields
i 2 | 2 | 32 e t2_ ¥2 l-1

EX; =8 X,
§X5~5%,

W= |
- Sh;*Sh;, "Sa;"'x: - oz,aéx:_ _—-6b:>3><; "b;,g 5%,

5,x:-5x;' - 1 (G6-5)

bt



However, this is written in terms of the trans-

formed coordinates. The tronsformation equotion was given

before os

$n

= A" f!
by = bp ~bp (6-6)
Now perturbing Egn. (G-6) yields

n
aap

|

6 a; - ao,;
by = 6bp —6by ~(6-7)

Substituting the results of Egn. (G-7) into

Eqn. {G~5} yields
-

(8hy -~ Shy —6ai x, + §ap x| - ap’ 5| - 6b2 %,

| + by X3 ~by 6X})
(6%, - 8%.)
s\w=| (6% ~8x;) |
(sh3 ~8hp~ dap X| + sagx, = ap’ sx' - sb X,
. - +6bpx, = by’ 5%;)

.

(8X§—6x;) | | (6-8)

This matrix can be split into two parts. One
part is a function of the perturbed variables for center
. point 1. The other port is a function of the perturbed

variables for the center poeints 2, 3, 4.



§\w =

The matricies in Egn,

& X

§ hp

.
| 6X,

_5x2,
Sh -SOP

- Sapx,

~8ap X

i o
6!'1; ~8a; x| - -6b;.><z'.

-~ &b xz'

—Sb;x

' 1 i
v 6b.PX2

' T
;-a?5x:+bpéx2

-ag 6%, + bt sx,

(G-9) con be written as

. pcrtltloned motricies in the compact form..

oW =

T, &,

T, §,
P
ﬂ; thA

(6-9)

(6-11)



where

#n-

I =X =%, Qp b;n
m=fo o o I o
1 O C O O | (G-11a)
- -
¢ =[sh sar 567 ex” sxr |
h ] P P P ! 2 (G-11b)

In order to evaluate Eqgn.

st c1’

{Egn.

v

(o
be ab,,
CGP

$2

6b

(60;2 C,pe

8a

1Q

$2
P

(80? C:

- must also be found.

26b) by cl'

tz ¥
P EOP Czo *

(G-4),0n expression for
Multiplying the equation for. T

and perturbing

2. 32 1 r2 $2 ;
80? bP CII * Ap E’bP Cu +
(On)l

p L

+8byC + 0 +a

01

Ch+

( #l
$2

P 2 (:I”

k2

P
2.t 12
bp"Co +ap

f2 %

t2, 2 2

2]

tz i3 t2 3}
Gp bP 6bP C

(bp?)?
7

sattct +

P 3¢

~ 4
5by" Cos )

+ 8b¢P' c :2

: | : $ ]
ap t8bT C o + 5057 byt Cy * by 8by C,)

5y Cy by 8bpT C )y )

1
+ O+ agibal® Cyy

a * &4

(G-12)




TK, |8hy 8a, by 6x! sx

1T
STCT=| TK, |shy sas’ sbY 5% x|
| o7
Kq [5h; 50;4 5b:4 5X? 6X24  (6-13)

where

° TK.(,2) TK.(1,3) o o
C TKa(2,2) TKn(23) o ©
o TK,(32) TK.(33) o o

e . L

*")1 v, Otn th __t (b;")2 $

TK

n

Q

TKa(1,2) = o,f Cl +by Cy + ey, by Co * 22C1,
TKn (1,3) = ay Cyy + by Coy ("i")zcu al by C’ +(bl Co
TKa(22)= Cpo o;" Cy + by Co
TK. (2,3 = Ch +ap'C,, + b Co
TK, (3,2)= C, * a‘;,"‘c:, + b, Cpy

' (G-13a)

t th . ¥
TKn (33 = Coz * bP Cos
. However, since SO and Sb:j(ore defined in Egn.
(Gf7). this matrix must be broken into two matrices, one a
function of the perturbed vorigbles for the center points
2, 3, and 4; the éthef a function of the pérturbed variables

for center point l. Using the motricies defined by Eqn. 48
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T, ¢,

a
.Q
%
8C1=2010
- . f)
-\
Wherer n.. =(TTI

-

To find the expression for Block MCII,

myst be multiplied by the transpose of Egn.

expected value taken.

§TCl =] TK, (I)s
| __TI»Q,qi @ﬂ
Therefore, Eqn.
| 1d,| [m,8,
| ng: Z‘ [if (I)a -9, |-
RN

- TK

(G14) moy be expressed as

TKz@z

TKy ¢,
TR, @y

)

- This results in

M
Tk, ¢,
TK; @,
| THe &,

TK; ¢,

Th, &,

TR, B,

Egn.

(G-14)

{G-15)

(G-;s)

(G-18a}

(G-16)

(F=3) and the

[s(:; sC. sc;]} (em7)

MCII=E{S(_:_1*



MJ=E<z<
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nl! (bl
n, 2,

0.8,

L

.,

- R
ﬂzz (ba i .

. T~T

- rlJ&‘bj }(PIF{ r
_Qqq Cbl_J.)’ ) (G-17)

Since the @hlnctricies represent perturbed gquanti-

. T .
ties, then the expected value of ®LQEIS equal to the covori-

Ance matrix M; if i=j, or equals 0.if i),

‘ ) i{? f=1
T _ J
QB}"—

M,', if ] ‘ (G-18)

0

Multiplying terms in Egqn. (G-17} yields

-

MAI=E < 7 {

- f

-

0, 8,0
j)lB(bJ(®T

\

L'QM ¢4 (P.IF_J

- )
0, 0,¢,(1

N4 &, 0, [(R 7

., O, (I)UJ J (6-19}

‘Using Egqn. (G-18) and the fact thot the expected

value of o constont is equol to itself
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D5
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P R
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APPENDIX M

(DERIVATION OF COVARIANCE BLOCK M_11%

This block is definedg by the' 'quantity

Since the expression for SCI was derived in

Appendix G (Eqn G-16), Ean. ({(H-1) may be evaluated by

a - B a
rﬂlz q),_ rﬂzz q)l
MOI=ESZ {10, 6, ||, |}
n
L k'ﬂm@q - “ q)'*J
r 4 - YT
B 0,8,] [n.¢]]
ﬁZ{ ﬂ,3¢3 = Qia'@,_?? ?
-QM (1) '7 nqq ) (H-2)
. . oL (PIJ) J /.

Multiplying out the terms yields
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L.ﬂm (i)d'd _'O'm de J
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1TY )

| rn“ ¢ o ¢,
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+ n33 ¢| naa (§| [ Z }
_'n-qq @lJ _‘nqj QIJ )

Using Egn. (G- ~18) to combine terms ond elimingte

Ron-correlated terms vicids

| rﬂ.z m; _Q; 0 O |
Medl= 740 o ama’ o
. 4 T
_ o O QIQ'MPQMJ
i LIPS & \ - T at 7]
'QnmP nzz : nzz rvlF’ n‘as ‘QnMP naa

+ nnmfgﬂzz n33M;ﬂ3§ .Q33M;;_Q44 »ZT |
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